Weathered PBDEs can be taken up by plants and lower brominated PBDEs are associated with higher bioavailability to plants and a higher dissipation in soils.
Introduction
Electronic waste (e-waste) refers to discarded electrical and electronic equipment and is becoming a major environmental concern, particularly in developing countries (Puckett et al., 2002; UNEP, 2006; Betts, 2009) . Unregulated e-waste recycling activities in these regions have led to the release of various hazardous chemicals into the surrounding environment, of which polybrominated diphenyl ethers (PBDEs) are of particular concern because e-wastes contain substantial levels of flame retardants derived from various PBDE products (Brigden et al., 2005; Wang, 2007; Wong et al., 2007; Chen et al., 2009) .
Soils are the main disposal and landfill receptors for e-wastes. Uncontrolled dismantling and acid treatment of e-wastes can also result in the leaching of PBDEs and lead to severe soil pollution (Cai and Jiang, 2006; Leung et al., 2007; Luo et al., 2009; Tang et al., 2010) . For example, the soils in acid treatment sites for e-wastes in Guiyu in south China are polluted by PBDEs with total concentrations of 2720e4250 ng/g dry weight in the surface soils . Natural vegetation or certain edible plants have been reported to grow in e-waste recycling sites (Ma et al., 2009) . PBDEs released from e-waste recycling activities will contaminate the land and PBDEs in soil may be transferred to the food chain by plant uptake and represent potential health risks. It is therefore necessary to investigate the behavior and fate of PBDEs in the soileplant system as a result of e-waste recycling activities.
So far very few studies have dealt with the behavior of PBDEs in the soileplant system. Previous studies Huang et al., 2010) have demonstrated that PBDEs in soils can be taken up by plants. However, very limited congeners including BDE-47, -99, -100 and -209 were involved in these studies. Although the principal constituents in PBDE production are limited to penta-, octa-, and deca-BDEs (Alaee et al., 2003) , degradation reactions of PBDEs in the environment can generate lower brominated isomers which may be a source of environmentally abundant PBDEs (ATSDR, 2006) . The physical properties and molecular structures of different PBDE congeners may have different effects on their uptake by plants but we are not aware of any evidence for such effects. Furthermore, all the available studies on plant uptake of PBDEs were carried out by using artificially polluted soils with short term incubation periods (less than 2 months) and the results may not accurately reflect the actual behavior of weathered PBDEs in field soils, and this may limit our understanding of the fate of PBDEs in the environment. In addition, plants influence the behavior of persistent organic pollutants in soils and enhanced degradation of PBDEs resulting from planting has been demonstrated Huang et al., 2010) . Information regarding the fate of PBDEs in soils and the influence of plants on PBDE persistence is important in understanding how soil PBDE burdens and associated health risks will change over time .
In our previous study we have investigated the behavior of BDE-209 in the soileplant system using an incubated soil (Huang et al., 2010) . Clearly, additional efforts are needed to study weathered PBDEs and different congeners in order to improve our understanding of their environmental behavior and fate. Therefore, the present study aimed to address the behavior and fate of different PBDE congeners in e-waste recycling sites and to explore the behavior of weathered PBDEs in the soileplant system. A greenhouse experiment was conducted to investigate plant uptake and transformation of PBDEs in the soils at Guiyu in Guangdong Province, the largest e-waste recycling region in China over the last 10 years. Congener specific uptake of PBDEs by plants was examined. The distribution of PBDEs in plant tissues was investigated to determine whether the weathered PBDEs in soils were subject to soil-to-root transfer and subsequent translocation to plant aboveground parts. In addition, the impact of plants on dissipation of PBDEs in soil was investigated to explore their fate in the soils of e-waste sites.
Materials and methods

Chemicals and reagents
Standards of BDE-209, BDE-77, 13 C-PCB-141 and 13 C-PCB-208 were obtained from SigmaeAldrich (St. Louis, MO). A standard solution of PBDE containing 27 native congeners (mono-through deca-BDEs) was purchased from Wellington Laboratories (Guelph, Canada). All solvents used, i.e. n-hexane, acetone, dichloromethane, toluene, chloroform and methanol, were of HPLC grade and purchased from J. T. Baker SOLUSORB (NJ, USA). Distilled water was used throughout the experimental work. Anhydrous sodium sulfate (Na 2 SO 4 ) and silica gel and alumina (100e200 mesh) used for sample cleanup were washed with hexane and used after heating overnight at 150 C.
Soil collection and preparation
Samples of soils (loamy) were collected using a stainless steel shovel from the 0e10 cm depth zone at a small village, Yaocuowei, located about 2 km from Guiyu in Guangdong Province, where acid leaching, dumping, and burning of e-waste take place. Details of the sampling sites are as follows. Site 1 was in a residential courtyard where printer rollers and outdated television sets were piled up; site 2 was alongside a river where landfill of unsalvageable components of computers took place; and site 3 was at an acid leaching dumping location. All soil samples collected were air-dried, passed through a 2-mm sieve and wrapped in aluminum foil. Selected characteristics of the soils were as follows: pH (H 2 O) 7. 90, 8.30, 6.87; organic matter 3.19, 1.90, 0.98%; and cation exchange capacity 67.4, 35.9, 18 .6 cmol/ kg, respectively, for the soils from sites 1, 2 and 3. The total PBDE concentrations in the three soils were 236.4 AE 29.0, 673.8 AE 65.4 and 1176.6 AE 174.1 ng/g at sites 1, 2 and 3, respectively. Concentrations of all the PBDE congeners detected in the soils collected are presented in Tables S1eS3 in the Supplementary material. BDE-209 was present in the largest quantities in all three soils, accounting for 35.6e52.8% of the total PBDEs, followed by (less than 10% for each congener). A loamy soil without detectable PBDEs was collected from an experimental field at Beijing Academy of Agriculture and Forestry and was used as a blank control soil. Its physicochemical properties were as follows: pH (H 2 O), 7.75; soil organic matter, 2.50%; and cation exchange capacity, 25.8 cmol/kg. All four soils received mineral nutrients at rates of 100 mg P (KH 2 PO 4 ), 300 mg N (NH 4 NO 3 ), and 200 mg K (K 2 SO 4 )/kg soil as basal fertilizers in preparation for plant cultivation.
Pot experiment
Italian ryegrass (Lolium multiflorum L.), pumpkin (Cucurbita pepo ssp. Pepo cv. Lvjinli), and maize (Zea mays L. cv. Nongda 108) were chosen as the test plants because they are commonly used in studies on plant uptake of organic contaminants (Lunney et al., 2004; White et al., 2005) and have been shown to take up and transport PBDEs from roots to shoots Huang et al., 2010) . Seeds were purchased from the Chinese Academy of Agricultural Sciences, Beijing, China. They were sterilized in 10% (w/w) H 2 O 2 solution for 15 min, followed by thorough washing with distilled water, and soaked in a 3 mM solution of Ca(NO 3 ) 2 for 6 h in the dark, and subsequently germinated on moist filter paper in the dark. Each pot received 350 g soil. Polyethylene bags were placed inside the pots to prevent contamination and water drainage. The upper 0.5e1.0 cm of each pot was covered with PBDE-free soil (65 g) to establish a buffer layer in an effort to minimize the evaporation and photolysis of PBDEs. Ten pre-germinated seeds were sown in each pot and three days after emergence the seedlings were thinned to eight for ryegrass, two for maize and one for pumpkin. A plant-free control and a PBDE-free blank were included in the experiment. Four replicate pots of each treatment were prepared. The seedlings were grown under plant-growth chamber conditions for 14 h at 27 C (day cycle) and for 10 h at 22 C (night cycle). Distilled water was added as required to maintain moisture content at 60e70% of field capacity by regular weighing.
Sample preparation
Plant leaves, stems and roots were harvested separately after cultivation for 60 days. Root samples were first carefully washed with tap water to remove any adhering soil particles and then rinsed with distilled water. Plant stems and leaves were separated after the whole aboveground parts were thoroughly rinsed with distilled water and blotted with tissue paper. The plant materials were freeze-dried at À50 C for 48 h in a lyophilizer (FD-1, Beijing Boyikang Instrument Ltd), and weighed to determine their dry weights. Plant water and lipid contents are provided in Table S4 in the Supplementary material. The dried plant samples were then cut with stainless steel scissors, ground separately and stored in glass containers at À20 C before chemical analysis. The PBDE-free soil in the upper layer was removed and then the bulk soil was collected from each pot. Soil microbial biomass represented by the total phospholipid fatty acids (PLFAs) was determined following the method used in our previous study (Huang et al., 2010) . The soil samples were ground and sieved (<2 mm) and then stored at À20 C prior to determination of PBDEs.
Chemical extraction and analysis
Extraction and analysis of PBDEs in plant and soil samples were performed following methods described elsewhere (Huang et al., 2010) with minor modifications. Briefly, One gram of soil sample or 0.1e1.0 g of plant material (dry weight) was spiked with surrogate standards ( procedures of sample extraction and analysis, quality assurance and quality control are given in the Supplementary material S1 and S2, and MDLs for each PBDE congeners are provided in Table S5 in the Supplementary material.
Data analysis
All values presented are the means of four replicates. Analysis of variance (ANOVA) was used to examine the significance of PBDE accumulation in plants and dissipation in soil as affected by plant species. A 95% confidence limit (P < 0.05) was chosen to indicate differences between samples and least significant differences (LSD) were calculated when samples were significantly different.
Results and discussion
Congener-specific uptake of PBDEs by plant roots
Eighteen PBDE congeners (tri-through deca-) were detected in roots of the plants growing in the soils of e-waste sites but no PBDEs were detected in the roots from the PBDE-free control soil (Table S1eS3 in the Supplementary material). Percentage distributions of the main PBDE congeners in the soils and in the roots are shown in Fig. 1 . Lower brominated PBDEs such as BDE-47, -66, and -99 were present in higher proportions in the plant roots than in the soils but there were lower proportions of higher brominated PBDEs (with BDE-209 more apparent) in the plant roots than in the soils. Calculation also showed that the proportion of lower brominated PBDEs (mono-through hexa-) in plant roots (30.5e50.8%) was higher than that in the soils (20.4e30.7%). This suggests that lower brominated PBDEs are more liable to be taken up by the plants. , and -209 were detected in the plant roots, confirming the uptake of even the higher brominated PBDEs by plant roots.
To further demonstrate congener-specific uptake of PBDEs by plant roots, root concentration factors (RCFs) were calculated and compared between congeners. Hydrophobic organic compounds in soils tend to be taken up by soil organic matter (SOM) and their uptake by plant roots is essentially controlled by the concentration in SOM rather than by the concentration in the whole soil (Chiou et al., 1983; Hung et al., 2009 ). Furthermore, lipids were the dominant plant constituents involved in plant uptake of hydrophobic organic compounds (Chiou et al., 2001; Zhu et al., 2007) . Therefore, the RCF was defined on root lipid and SOM basis and calculated as the ratio of the concentration in root lipids to the concentration in SOM. The average RCFs of the three plant species were further plotted against the numbers of bromine atoms of the PBDE congeners (Fig. 2) . The RCF value was low for tri-BDEs (BDE-17 and -28), maximum for PBDEs with 4 bromine atoms (logK OW of approximately 6.7) and then gradually declined with increasing degree of bromination, which is similar to the relationship between RCF and logK OW of the organic compounds tested (Briggs et al., 1982) . This trend in RCFs over bromine atoms of the PBDE congeners is expected to result from the hydrophobicity of the compounds, which determines their affinity to both SOM and plant root lipids. Furthermore, the higher brominated PBDEs with higher partition coefficients demand considerably more water transport (that carries contaminants) and time to reach equilibrium (although the equilibrium may never be reached because of the plant-growth effect) for the levels in plants with those in soil water. Therefore, soil-to-plant translocation of the higher brominated PBDEs was more difficult. The molecular steric hindrance that limits penetration of cellular membranes by large organic compounds may also contribute to the lower uptake of the higher brominated PBDEs by plant roots (Shaw and Connel, 1982) .
Distribution of PBDEs in plants
Accumulation of PBDEs in plant stems and leaves may result from a combination of uptake through the root-to-aboveground parts pathway and foliar uptake from the air. Only BDE-7 and -28 were detected in the plant stems and leaves from the PBDE-free control soil with concentrations in the ranges of 1.96e2.15 and 0.84e1.10 ng/g for BDE-7 and BDE-28, respectively, which accounted for less than 1% of the total PBDEs in the plants growing in the soils of the e-waste sites. This implies no appreciable contribution from foliar uptake to the aboveground accumulation of the PBDEs (tetra-through deca-BDEs) in this experiment with the exception of BDE-7 and BDE-28. A significant concentration gradient (P < 0.05) was observed for the total PBDEs in the plants with the highest concentrations in the roots followed by the stems and the lowest in the leaves (Fig. 3) . We may safely draw the conclusion from the observation of a gradient distribution of PBDEs within the plants and no appreciable foliar uptake of PBDEs that the accumulation of PBDEs occurs by root uptake followed by gradual transfer from roots to stems and then to the leaves. Similar observations were also reported for the uptake of PCB and DDT when plants were grown directly in contaminated soils (Lunney et al., 2004; Slund et al., 2007 Slund et al., , 2008 PBDEs inside plants, defined as the ratio of the concentration in plant roots to stems to leaves, were further calculated (Table S6 in the Supplementary material). Taking pumpkin as an example, the ratios were 2.8: 1.4: 1 for the soil from site 1, 3.9: 1.5: 1 for site 2, and 4.8: 1.7: 1 for site 3. A very similar distribution pattern existed in all three plant species and the gradient was more significant when the PBDE concentration in soil was higher, indicating that accumulation of PBDEs may be kinetically limited by redistribution processes within plants at higher levels of PBDE exposure (Pier et al., 2002) . The plant species varied both in their ability to take up weathered PBDEs from the soils and in their ability to translocate and localize them in different plant parts. Comparing the three plant species tested, pumpkin, which had the highest lipid content (Table S4 in the Supplementary material), showed a higher potential for accumulation of PBDEs in roots than maize or ryegrass. The result provided evidence of lipid content as the major factor in plant uptake of lipophilic contaminants (Chiou et al., 2001) .
The relationship between PBDE concentrations in the roots and in the aboveground tissues was established to further assess the partitioning of PBDEs within plants, and a significant linear relationship was found between concentrations of individual PBDEs in the aboveground parts and in the roots ( Fig. 4; 
The average C aboveground tissue /C root ratio (slope of the line in Fig. 4 ) was 0.27, indicating the contribution of root uptake and subsequently rooteshoot translocation to the accumulation of PBDEs in the plants. When congeners of the same bromine atom numbers (limited to congeners detected both in roots and in the aboveground tissues) were considered individually, significant positive relationships were also obtained with the sole exception of heptaBDEs (Fig. S1 in the Supplementary material; P < 0.01, R 2 ¼ 0.54e0.95). The C aboveground tissue /C root ratios (slopes of the lines shown in Fig. S1 ) for tetra-, penta-nona-and deca-BDEs were 0.18, 0.27, 0.83 and 0.31, respectively. The ratio reflects the combined contribution of both root-to-shoot translocation and metabolism of PBDEs inside plants. The nona-BDEs had much higher ratios than other PBDEs, likely contributing to the ready loss of one bromine atom for deca-BDE to form nona-BDEs in plants (Huang et al., 2010) .
Dissipation of PBDEs in soils
After 60 days, 21 PBDEs were detected in the planted and unplanted soils. Residual concentrations of individual PBDE congeners in the soils are given in Tables S1eS3 in the Supplementary material. The results show that planting significantly (P < 0.05) enhanced dissipation of PBDEs in the soils compared with the plantfree controls. Dissipation of PBDEs in the soils can be mainly ascribed to the contributions of plant uptake, losses caused by volatilization and sorption to the planted pots and their degradation in the soils. Reduction rates of the total PBDEs in the soils (comparing the concentrations in the soils before and after planting) ranged from 13.3 to 21.7%. Whereas plant uptake contributed to 0.36e0.92% of the loss of PBDEs in the soils and the total amount of PBDEs lost due to adsorption to the planted pots was about 0.07% of PBDEs in the soils. The sums of these losses account for a little of the PBDE reductions in the soils. Therefore, soil degradation was speculated to be the major contributor. Furthermore, correlation analysis was conducted and a significantly positive correlation was obtained between the reduction in PBDEs in the soils (plant-free treatment included) and the soil microbial biomass in terms of total PLFAs ( Fig. 5 ; R 2 ¼ 0.77, P < 0.01), confirming that microbial metabolism and biostimulation of microbial communities by planting are the main contributors to the dissipation of PBDEs in soil.
As shown in Table 1 , dissipation was comparable between the lower and higher brominated PBDEs. The lower brominated PBDEs were associated with higher reduction rates (16.1e34.8%) than the higher brominated PBDEs (9.4e17.7%) irrespective of soil or plant species. Similarly, generally higher removal percentages of lower chlorinated PCBs than higher chlorinated congeners in soils by planting have also been observed by Shen et al. (2009) . Higher brominated PBDEs have higher partition coefficients and are believed to be strongly bound to the soil, particularly SOM, and are therefore less degradable by soil microorganisms (Darnerud et al., 2001; de Wit, 2002; Vonderheide et al., 2006) . Evidence that concentrations of in the soils increased by 1.2e3.9 fold compared with their initial concentrations in the soils confirms the debromination of BDE-209 in the soils.
Conclusions
This study provides for the first time some insight into the uptake of weathered PBDEs by plants from the soils of e-waste recycling sites. Weathered PBDEs in the soils are bioavailable for plant uptake and they can be translocated from the roots to the aboveground parts. Lower brominated PBDEs were more readily available for plant uptake than the higher brominated PBDEs. Planting significantly enhanced dissipation of PBDEs in the soils and lower brominated PBDEs were associated with higher dissipation rates. In view of the high contamination levels of PBDEs in the soils, particular attention needs to be paid in future to the transport of PBDEs in the soileplant system at e-waste sites. 
